To evaluate the applicability and precision of a novel infusion-drainage device (IDD) for standardized filling paradigms in neuro-urology and functional magnetic resonance imaging (fMRI) studies of lower urinary tract (LUT) function/dysfunction.
Objective
To evaluate the applicability and precision of a novel infusion-drainage device (IDD) for standardized filling paradigms in neuro-urology and functional magnetic resonance imaging (fMRI) studies of lower urinary tract (LUT) function/dysfunction.
Subjects/Patients and Methods
The IDD is based on electrohydrostatic actuation which was previously proven feasible in a prototype setup. The current design includes hydraulic cylinders and a motorized slider to provide force and motion. Methodological aspects have been assessed in a technical application laboratory as well as in healthy subjects (n=33) and patients with LUT dysfunction (n=3) undergoing fMRI during bladder stimulation. After catheterization, the bladder was pre-filled until a persistent desire to void was reported by each subject. The scan paradigm comprised automated, repetitive bladder filling and withdrawal of 100 mL body warm (37°C) saline, interleaved with rest and sensation rating. Neuroimaging data were analysed using Statistical Parametric Mapping version 12 (SMP12).
Results
Volume delivery accuracy was between 99.1AE1.2% and 99.9AE0.2%, for different flow rates and volumes. Magnetic resonance (MR) compatibility was demonstrated by a small decrease in signal-to-noise ratio (SNR), i.e. 1.13% for anatomical and 0.54% for functional scans, and a decrease of 1.76% for time-variant SNR. Automated, repetitive bladderfilling elicited robust (P = 0.05, family-wise error corrected) brain activity in areas previously reported to be involved in supraspinal LUT control. There was a high synchronism between the LUT stimulation and the blood oxygenation level-dependent (BOLD) signal changes in such areas.
Conclusion
We were able to develop an MR-compatible and MRsynchronized IDD to routinely stimulate the LUT during fMRI in a standardized manner. The device provides LUT stimulation at high system accuracy resulting in significant supraspinal BOLD signal changes in interoceptive and LUT control areas in synchronicity to the applied stimuli. The IDD is commercially available, portable and multi-configurable. Such a device may help to improve precision and standardization of LUT tasks in neuro-imaging studies on supraspinal LUT control, and may therefore facilitate multisite studies and comparability between different LUT investigations in the future.
Introduction
Over the last decades neuro-imaging studies have improved and expanded our knowledge of supraspinal lower urinary tract (LUT) function [1] . Earlier, pioneering studies used single-photon emission computed tomography [2] and positron emission tomography [3] . It was not until 2005 that functional magnetic resonance imaging (fMRI) was first used to examine supraspinal LUT control [4] [5] [6] . Since then, fMRI has emerged as the most popular approach in this field, as it can assess correlates of functional processes involved in LUT control in the human brain non-invasively, with a high spatial and acceptable temporal resolution [7] . Nevertheless, performing LUT stimulation tasks within a magnetic resonance (MR) environment is still a challenge, as the low signal-to-noise ratio (SNR) in echo-planar imaging (EPI) sequences as used in fMRI requires repeated captures of task-related data [8] , i.e. repeated cycles of bladder filling and emptying [1] . Yet, most currently available devices that can be used for bladder filling are neither MR compatible, nor adapted to MR synchronization. Furthermore, they have only limited speed and accuracy of filling, and/or are not capable of also performing fluid withdrawal. Hence, recent fMRI studies used different approaches, i.e. manual and semiautomatic bladder filling protocols, to assess supraspinal network response to bladder filling and distention. Not surprisingly, the significance of supraspinal network activation and localization varies largely among studies [1, [9] [10] [11] ; however, to analyse and interpret neuroimaging findings reliably based on visceral stimulation tasks, it is necessary to correlate task performance precisely with the neuroimaging signal acquisition [12] .
To facilitate standardization and precision of task-related LUT neuroimaging studies we developed, based on our prototype [13] , a commercially available, fully automated, flexibly programmable, MR-compatible and MR-synchronized infusion-drainage device (IDD).
Subjects/Patients and Methods

Infusion-Drainage Device
The MR-compatible IDD is based on an electrohydrostatic actuation principle [13] . All components inside the MR scanner room are non-ferromagnetic and operated from the MR control room using a personal computer. A schematic overview of the arrangement of the IDD within the MR scanner facility is shown in Fig. 1 .
The key components of the IDD (Fig. 2 ) consist of two polypropylene hydraulic cylinders (Typ 1108 DN40; PSK Ingenieurgesellschaft GmbH, Erfurt, Germany), i.e. a master cylinder with a stainless steel piston rod, a slave cylinder with a plastic piston rod, and a bipolar stepper motor controlling a linear slider with a moving platform (T-LSR 150 B; Zaber Technologies Inc., Vancouver, Canada). The cylinders are bidirectly coupled through a 10-m flexible polyurethane tubing with an outer diameter of 5 mm and a wall thickness of 1.5 mm (TFU0805B-2; SMC Corp., Tokyo, Japan). The system operates with distilled water. The piston rod of the master cylinder ( Fig. 2C and D) is fixed to the moving platform of the computer-controlled motorized linear slider system (travel range of 150 mm at a 0.5-lm resolution; speed range 0.00465 mm/s to 20 mm/s). Movement of the linear slider causes motion in the master piston rod, and a fluid flow, and pressure change in the hydraulic actuator. As a result of the pressure changes, fluid transmits the energy through the tube causing a controllable bi-directional (positive or negative pressure) movement of the slave piston.
The slave piston ( Fig. 2E and F ) is connected to a commercially available, standard single-use 100-mL polypropylene syringe (Ominifix; B Braun Melsungen AG, Melsungen, Germany; movement of the syringe piston of 1 mm corresponds to 1 mL). The subject's bladder can be filled and drained through a single-use transurethral catheter attached to the syringe (Fig. 2E) .
To aerate the IDD and prevent a vacuum, a water-filled reservoir ( Fig. 2C and D) is integrated parallel to the cylinders and connected over check valves (AKH08A; SMC Corp., Tokyo, Japan). Pressure transducers (PAA-21 Y; Keller AG f€ ur Druckmesstechnik, Winterthur, Switzerland) allow a real-time tracing of the pressures in the IDD to monitor whether the system works appropriately or not.
Similarly to our prototype setup [13] , we included a 12-bit multifunction USB data acquisition device (USB-6008; National Instruments, TX, USA) as an interface between the IDD and MRI scanner, and also to sample signals from the IDD. During fMRI, the data acquisition device also detects the transistor-transistor logic signals outputted by the MR scanner to synchronize the system with the image acquisition. Using the data acquisition device, multiple feedback devices, such as a fibre optic-based multi-configurable handheld response system (HRS) [14] to assess real-time sensory feedback (described later), or a transducer for measuring intravesical pressure, can be implemented. with moving platform and fixation to the piston rod of the master cylinder; 6, base plate of the master cylinder assembly group; 7, water reservoir for fast and easy deairing; 8, hydraulic master cylinder made of polypropylene; 9, distribution board with check valves; 10, hydraulic slave cylinder made of polypropylene; 11, fixation rack of the slave cylinder with the possibility to adapt the height to the individual subject/patient; 12, slider, connecting the piston of the slave cylinder with the piston of the syringe containing the bladder filling fluid; 13, standard single-use 100-mL polypropylene syringe; 14,
Foley catheter for transurethral placement.
© 2016 The Authors BJU International © 2016 BJU International 307 desire to void. Adjusting the stepper motor variables, flow rate, time and volume, as well as the numbers of repetitions, can be accomplished by the operational software. Synchronization with the MR scanner is achieved via the transistor-transistor logic signal outputted by the MR scanner at the onset of each EPI volume of functional series. Only the first transistor-transistor logic signal is used to start the computerized and temporal standardized stimulation paradigm. IDD and HRS data are stored in a separate log file.
Infusion-Drainage Device Performance Test
To evaluate the performance quality of the IDD, volume delivery accuracy was tested at different flow rates, i.e. 80, 133, 200 and 400 mL/min, and different infusion times, i.e. 3, 7.5, 15, 30 and 45 s, using an Urocap IV scale (Laborie International, Ontario, Canada). According to the feasibility test in humans (eight blocks, infusion/withdrawal volume of 100 mL at a flow rate of 400 mL/min, see below), eight blocks of repetitive infusion and withdrawal cycles, using a 0.9% sodium chloride solution (Braun Melsungen AG, Melsungen, Germany; for the IDD performance test at room temperature,~25°C), were performed.
MRI
We evaluated MR compatibility using a Philips Ingenia 3 Tesla MRI system (Philips Medical Systems, Best, The Netherlands) at the University Hospital Z€ urich equipped with a standard 15-channel head coil array and a proton sphere phantom filled with 5 mL/L 98% acetate (CH3COOH), 10 mL/L 80% ethanol (CH3CH2OH), 8 mL/L 98% phosphorus acid (H3PO4), 1 mL/L 1% Arquad â solution, 120 mg/L anhydrous copper sulphate (CuSO 4 ), and 380 mL of demineralized water. fMRI Images were acquired using an EPI T2*-sensitive sequence (echo time = 30 ms, repetition time = 2000 ms, flip angle = 80°, field of view = 240 mm 9 135mm 9 240 mm, image matrix = 96 9 96, voxel size = 3 mm 9 3 mm 9 3 mm, number of slices 34). Further, we collected a high-resolution three-dimensional T1-weighted gradient echo sequence (echo time = 3.1 ms, repetition time 6.9 ms, flip angle = 8°, field of view 256 mm 9 256 mm 9 180 mm, imaging matrix = 256 mm 9 256 mm, voxel size = 1 mm 9 1 mm 9 1 mm, number of slices =180). All images were obtained in an oblique axial orientation covering the entire brain, including the cerebellum and brainstem.
Feasibility Test in Humans
Pilot tests were approved by the local ethics committee (Kantonale Ethikkommission Z€ urich, KEK-ZH-Nr. 2011-0346) and registered at ClinicalTrials.gov (NCT01768910).
We recruited 33 right-handed healthy subjects (16 females, 17 males) with unimpaired LUT function (Table 1 ) and no history of neurological disorder, and three patients with LUT dysfunction/symptoms (Table 2) .
After written informed consent was obtained, subjects were placed in the scanner in a supine position. Thereafter, a soft 14-Fr silicon transurethral catheter (UROMED Kurt Drews GmbH, Oststeinbek, Germany) was introduced using a nonanaesthetic lubricant (Endosgel â , FARCO-PHARMA GmbH, Cologne, Germany).
To assess fluctuations in the subjective sensations throughout the entire LUT stimulation task, and therefore to evaluate the effect of fluid infusion and withdrawal by the IDD on the subject's sensory-perceptual level, a custom-designed MR-compatible HRS, described previously [14] , was used. *P value for unpaired t-test to reveal difference in subjects' characteristics between gender. **P value for paired t-test to reveal differences in ratings, i.e. urge and discomfort after infusion and drainage. 
Scan Paradigm
Before the EPI scans, the bladder was pre-filled with sterile body warm (37°C) saline until subjects reported a persistent desire to void, i.e. six out of 10 on the visual analogue scale (VAS). Thereafter, eight blocks of repetitive infusion and withdrawal of 100 mL saline using the IDD were performed (Fig. 3) . A total of 450 functional scans were acquired. After an initial phase of 60 s REST (visual fixation) and two baseline RATINGS (rating of desire to void and discomfort on a projected VAS using the HRS, each 7 s), each block comprised the following conditions: INFUSION (automated bladder filling of 100 mL body warm (37°C) saline, 15 s), PLATEAU (9 s), REST (visual fixation, 7-9 s), two RATINGS (2 9 7 s), WITHDRAWAL (automated bladder draining of 100 mL, 15 s), PLATEAU (15 s), two RATINGS (2 9 7 s), and another REST condition (visual fixation, 7-9 s) [15, 16] .
The scan was finalized with a REST condition of 60 s.
During the RATING conditions subjects rated their desire to void (7 s) and discomfort (7 s) on a projected VAS (0-10) using the HRS.
During all other conditions, subjects were instructed to focus on a displayed fixation cross.
Data Analysis
Static SNR was evaluated for anatomical and functional images by a signal-background method, i.e. by dividing the mean signal intensity within the phantom over the standard deviation of the background-signal (defined by four smaller regions of interest outside the phantom) corrected with the Rayleigh distribution factor. The time-variant SNR (tSNR) was measured [17] Fig. 3 ). The contrast images were then used for a second (between-subject) level analysis.
To assess the bladder network in healthy subjects, an anatomical mask was created according to the study by Griffith et al. [9] Fig. 3 Scan paradigm of the task-related functional MRI (fMRI). The fMRI task starts with a pre-filled bladder volume, i.e. the bladder will be filled with body warm (37°C) saline until a persistent desire to void is present. The fMRI starts with a 'baseline' REST (60 s, no specific stimulus or task is performed), a 'baseline' RATING of desire to void and level of discomfort, a short REST jittered between 7 and 9 s in which blood oxygen level-dependent (BOLD) activation resulting from motor activity during the previous RATING will return to baseline to avoid contamination of the following condition and conclude with a 'last' REST (60 s, no specific stimulus or task is performed). The eight specific task-related blocks consist of: (1) automated INFUSION of 100 mL warm saline; (2) plateau phase (bladder distention after INFUSION is perceived); (3) RATING of desire to void and level of discomfort; (4) short REST jittered between 7 and 9 s in which BOLD activation resulting from motor activity during the previous RATING will return to baseline to avoid contamination of the following condition; (5) automated WITHDRAWAL of 100 mL; (6) plateau phase (bladder distention after WITHDRAWAL is perceived); (7) RATING of desire to void and level of pain; and (8) short REST jittered between 7 and 9 s, in which BOLD activation resulting from motor activity during the previous RATING will return to baseline to avoid contamination of the following condition. show significant activation in the a priori-defined mask, i.e. cerebellum, hypothalamus, pons and PAG, we additionally used a small volume correction, only including the specific brain region. Considering the limited literature according to alterations of the known bladder network in patients, only whole-brain analyses were performed in this subgroup.
Data are presented as mean AE SD. Comparing unrelated samples, i.e. female vs male subjects, the unpaired t-test, for related samples, i.e. desire to void and level of discomfort (INFUSION vs WITHDRAWAL), the paired t-test was used, respectively. Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS) V22 (IBM, Armonk, NY, USA). For the fMRI group results, a P value ≤0.05 (using the family-wise error [FWE] correction) [20] was considered statistically significant.
Results
Infusion-Drainage Device Performance Test
The results of the volume delivery accuracy of the IDD are shown in Table 3 . Precision of the delivered volume over eight cycles of infusion and withdrawal was between 99.1 Time delay between the movement of the stepper motor and movement of the master as well as the slave piston rod, i.e. fluid transfer, was 1.31 AE0.21 s (Fig. 4) .
MR compatibility testing for the device with a phantom showed a decrease of overall SNR of 1.13% and 0.54% for anatomical and functional scans, respectively, and a tSNR of 1.76% for functional images (Table 4) .
Feasibility Test in Healthy Subjects
Subject characteristics, including data on pre-filled bladder volume, desire to void and level of discomfort during bladder stimulation, are shown in Tables 1 and 2 , respectively. In summary, over eight blocks, healthy subjects rated a significantly higher (P≤0.05) desire to void and level of discomfort for infusion versus drainage.
Using the a priori-defined regions of interest, healthy subjects showed significant activation (P≤0.05, FWE-corrected) in response to INFUSION vs REST in the bilateral frontal and prefrontal cortex, bilateral insula, bilateral thalamus, bilateral premotor cortex, left putamen and the cingulate cortex (detailed anatomical and spatial information: Fig. 5 , Tables IDD, infusion-drainage device; HRS, handheld response system; SNR, signal-to-noise ratio; tSNR, time-variant SNR., Baseline = phantom only. S1A-E). Using a small volume correction for the bilateral cerebellum, bilateral hypothalamus, the PAG, and the pons, significant (P ≤ 0.05, FWE-corrected) activation could also be shown in these areas.
Feasibility Test in Patients
All patients rated a significantly higher (P < 0.001) desire to void for infusion vs drainage. Ratings for the level of discomfort were significantly higher (infusion vs drainage; P < 0.001), except for the patient with spinal cord injury.
Patients showed a heterogeneous pattern of significant activations (P ≤ 0.05, FWE-corrected) in response to INFUSION vs REST in whole brain analyses (Fig. 6) . Activated brain areas included the bilateral frontal and prefrontal cortex, the cingulate cortex, the insula, the bilateral cerebellum and the somatosensory cortex, as well as the temporal and parietal lobe (Tables S2A-C). For both, healthy subjects and patients task-related adjusted BOLD signal response plotted over time showed changes in activation related to the different conditions of the scan paradigm (Fig. 7 A-E).
Safety
All subjects and patients tolerated the investigation well. An adverse event, as defined by the International Conference on Harmonisation Good Clinical Practice Guidelines (E6) [21] and International Organization for Standardization (ISO, 14155) [22] , did not occur.
Discussion
Main Findings
Our novel MR-compatible and MR-synchronized IDD, designed to stimulate the LUT during fMRI showed a consistent system performance with a high precision. Accuracy of the delivered volume was between 96.94 and 99.39%. All parts of the system within the MR scanner room are entirely non-ferromagnetic. Hence, MR compatibility I  II  III  IV  V  VI  VII  VIII   Block I  II  III  IV  V  VI  VII  VIII   Block I  II  III  IV  V  VI  VII  VIII   Block I  II  III  IV  V  VI  VII  VIII   Block I  II  III  IV  V  VI The feasibility test in humans showed robust supraspinal activation in areas related to LUT control. The BOLD signal increases in such areas were repeatedly related to the INFUSION and WITHDRAWAL conditions.
The real-time sensory feedback of healthy subjects and patients with LUT dysfunction correlated well with the IDD action, i.e. desire to void increased with infusion and decreased with fluid withdrawal. No adverse events occurred.
Findings in the Context of Existing Evidence
The decisive aspect in every fMRI experiment is the study design [8] . The important aspect of precise timing and stimulation intensity for better interpretation of task-related supraspinal activity has been shown already [12] . It has been proven that automated computerized systems are superior in temporal precision and accuracy to conventional methods [23] ; however, because of the strong magnetic field and the high radio frequency energy, the MR scanner room is a challenging environment in which to implement an automated computerized stimulation system [24] . Whenever a computerized stimulation system is used, subjects' safety, MR compatibility and high performance accuracy have to be guaranteed [23] .
Various study designs were used to evoke brain responses through LUT stimulation. Kuhtz-Buschbeck et al. [5] and our own group [6, 25] applied periodic cycles of imagination of enhancing and suppressing the urge to void, contractions of the pelvic floor or manual filling of the bladder, to elicit supraspinal activity. Griffiths et al. [4] were the first to implement an adapted urodynamic method to examine supraspinal responses attributable to bladder distension. The resulting supraspinal activation in response to urodynamic filling demonstrated increased brain activation in the interoceptive circuit [26, 27] ; however, BOLD signal responses and localization of BOLD signal changes in response to LUT stimulation tasks varied among studies, which might be, amongst other reasons, related to different scan protocols but also less accurate, non MR-synchronized task application. This latter aspect might be of specific relevance, considering that several studies on supraspinal LUT control could not provide significant results on a statistically corrected level, i.e. not using a correction for multiple comparisons [4, 10, 28 ]. An amelioration of significance levels using a standardized and tested device seems plausible and is supported by the significant multiple comparison corrected (FWE correction) findings in our group of 33 healthy subjects.
Although urodynamic devices are used in daily routine they may have limitations in the setting of MR neuroimaging.
They must be placed outside the scanner room and can only be connected to a transurethral catheter through extension hoses. According to the manufacturer specification for a standard urodynamic system, the range of the infusion rate of the pump module is limited (5-140 mL/min, with an accuracy of AE5%). The pump module is not designed for fluid withdrawal. No reports are available as to whether the extension hose additionally impairs the working accuracy; however, precise volume delivery is questionable and accuracy has not been evaluated during fMRI. Using an MRcompatible syringe pump (e.g. HA2000WRMI; Harvard Apparatus, Massachusetts, USA; flow rate 0.0001 to 221 mL/min with an accuracy of AE0.5%) could overcome this problem. Nevertheless, the pre-determined operator software does not allow any synchronization with the MR scanner. Each stimulation has to be edited manually, making exact timing more difficult to achieve. Furthermore, such systems do not offer a solution by which additional data, e.g. behavioural data, could be implemented and recorded synchronously.
Based on our prototype [13] , we developed a commercially available, MR-compatible and MR-synchronized IDD for routine use of bladder stimulation tasks in fMRI. The device provides a high accuracy in timing and filling volume with a continuously adaptable flow rate between 0.3 and 1200 mL/ min. Using the IDD, we showed that supraspinal areas of the LUT control network can be significantly activated in a large sample of healthy subjects and also in an exemplary sample of patients. The temporal overlay of the adjusted BOLD signal increases demonstrated synchrony with the applied INFUSION and WITHDRAWAL conditions. In addition, the sensory responses of subjects and patients correlated well with the according IDD action, i.e. the desire to void was significantly higher and lower with INFUSION and WITHDRAWAL, respectively.
The current IDD version includes a fluid reservoir and a set of manual and check valves that enable a fast and complete evacuation of air (Fig. 2C-F) . In addition, the IDD is portable and easy to assemble, which enables convenient storage and use at multiple locations ( Fig. 2A  and B) . The whole system is available for~$14,000, including a compact carrying case for safe transportation and a personal computer to run the system, which is reasonable compared with the costs for a conventional urodynamic system of $30,000-60,000. Furthermore, this device is expandable to allow additional measurements, e.g. implementation of pressure sensors to monitor intravesical pressure, suitable to be used in conjunction with other MRsynchronized devices, such as the HRS, and may be used for various applications including other organ systems such as the gastrointestinal tract, offering an all-in-one solution for MR synchronous measurements of visceral hollow organs. 
Limitations
Currently, the IDD can only be used with a standardized 100 mL polypropylene syringe; however, it can be adjusted in order to operate with different volumes and syringes. The aim of this device is to cause filling or distention and subsequent deflation or emptying of visceral organs, such as the bladder. Hence, to investigate the central regulatory mechanisms during the initiation of micturition and actual micturition, such a device might not be useful.
Conclusions
For this novel MR-compatible and MR-synchronized IDD that has been designed to stimulate the LUT during fMRI we were able to show high accuracy in timing and infusion volume during automated, repetitive bladder filling in the MR scanner, eliciting significant activity in core areas of the supraspinal LUT control network.
This novel IDD has the potential to improve accuracy and standardization of neuroimaging protocols aiming to investigate supraspinal correlates of bladder filling and drainage. Using standardized protocols facilitates the reproducibility of study outcomes and comparison among studies.
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Supporting Information
Additional Supporting Information may be found in the online version of this article: Table S1 . a-e Healthy subjects (n=33): supraspinal areas with significant (P < 0.05, FWE-corrected) task-related (INFUSION vs. REST) BOLD signal intensity increase. Table S2 . Patients: Brain areas with significant (P < 0.05, FWE-corrected) task-related (INFUSION vs. REST) signal intensity increase, whole brain analysis.
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